The development of efficient oxygen evolution reaction (OER) catalysts is essential for the generation of renewable hydrogen. Cobalt-based catalytic material has been widely studied as a very promising metal catalyst. However, it is difficult for single simple-type cobalt-based catalysis to meet the requirement of activity. Composite material and auxiliary methods have been used to improve catalytic activity. Herein, a gold-nanoparticle-decorated CoOOH nanoplate hierarchical hollow structure (Au/CoOOH) is designed to improve the electrocatalytic performance of water oxidation. Moreover, a photoinduced surface plasmon excited on gold nanoparticles is also introduced to further enhance the photoassisted OER activity. The synergy of Au and CoOOH improves the charge excitation and transfer, which increase the number of active sites markedly. A high turnover frequency (3.75 s −1 at an overpotential of 360 mV) and a low overpotential of 290 mV at a current density of 10 mA cm −2 have been achieved with the assistance of a laser. Furthermore, the monochromatic incident photon-to-electron conversion efficiency (IPCE) can reach up to 5%.
■ INTRODUCTION
Energy crisis and energy security are always important issues for humanity, particularly, as the fossil energy reserve decreases faster and faster. 1−3 In view of the problems of energy and environment, electricity from new energy sources has been widely used. However, this kind of electricity has the disadvantages of wide distribution and intermittence. Electrical energy can be efficiently converted into chemical energy by electrochemical reaction. Electrocatalytic water splitting is an important method that can convert electrical energy into hydrogen energy. 4−6 However, water splitting is mainly hindered by the oxygen evolution reaction (OER) due to its complicated electron transfer process and slow kinetic rate. 7−11 OER is a pivotal and kinetically sluggish step in the process of water splitting owing to the less efficient electrode materials with high overpotential, low turnover frequency (TOF), and low current density. 12, 13 To date, the most active OER catalysts are still based on the noble metal oxides (RuO 2 and IrO 2 ). 14 However, their performances cannot be maintained over a prolonged period in alkaline conditions. 15 The cobalt-based catalyst (CoCat) has been widely studied as a promising material for highly efficient OER catalysis. 16 Recent works indicate that cobalt-based hydroxide catalysts, such as CoOOH and Co(OH) 2 , have excellent OER performance. 17−22 Nevertheless, their activity is insufficient relative to the noble metal oxides (RuO 2 and IrO 2 ). It is extremely necessary to promote catalytic activity by design of an electrocatalyst or catalytic system. Considering the structure of the catalyst, the catalytic activity of catalysts can be adjusted by increasing the specific surface area of the material, 23, 24 changing the size of the material, 6, 25 and exposing different active surfaces. 26−28 For CoCat, the high-valence cobalt element can also favor the OER. 29 Another effective way to improve electrochemical activity is coupling an OER catalyst with conductive and functional supports, such as metal nanoparticles 17 and metal foam. 30, 31 Metal material can improve the conductivity of an electrocatalyst and promote catalytic activity with a good synergistic effect. 32−35 Gold nanoparticles (Au NPs) are one of the frequently used supporting materials. 21, 32, 33, 36, 37 Gold can reduce the interface transmission resistance with excellent conductivity. In addition, the electrochemical performance can be enhanced by photoelectric synergistic effect. Gold has a special surface electron property, the photoinduced surface plasmon resonance (SPR) effect, which can enhance the catalytic performance of the material. Based on this SPR effect, it is also possible to increase the use range and utilization of light.
In this work, we synthesized a novel structure of hierarchical hollow shell CoCat supported gold nanoparticles (Au/h-CoCat) and studied its electrocatalytic properties in alkaline solution. The experimental results showed that this hollow shell structure had a higher specific surface area and could be converted into high-valence cobalt oxyhydroxide (CoOOH) in alkaline solution. The ultrathin CoCat nanoplate had a strong interaction with Au NPs and could form a stable supporting structure. This composite catalyst showed excellent oxygen evolution activity and stability in alkaline solution. The photoenhanced OER was also studied, and experiments showed that light assistance could enhance the OER performance. The enhancement effect was related to the absorption wavelength of the material, and the light absorption performance of the material could be enhanced by the SPR effect of gold. The onset overpotential of OER for this composite material was only 270 mV, and the overpotential of 10 mA cm −2 was 320 mV, which was 40 mV lower than that of a simple CoCat. There was no significant decrease in activity during the 70 day test. The activity of the catalyst had been further improved under photoassistance. With the assistance of a 1.2 W laser of 525 nm, the overpotential at the current of 10 mA cm −2 was only 290 mV, which was 30 mV lower than that with no light, and the TOF value was as high as 3.75 s −1 . In addition, the incident photon-to-electron conversion efficiency (IPCE) reaches a maximum of 5% at 1.0 V by a laser with a wavelength of 525 nm and power of 1.2 W.
■ RESULTS AND DISCUSSION
There are mainly three steps to fabricate our electrocatalyst ( Figure 1A ). The first step is to obtain a core−shell structure of cobalt phosphate @ cobalt carbonate nanosheet (Co 3 (PO 4 ) 2 @CoCO 3 , abbreviated as CoPi@CoCi), which is synthesized by hydrothermal reaction. Second, Au/h-CoCat is obtained through in situ reaction. Finally, this composite material is activated by an electrochemical scan to obtain a stable electrocatalyst in an alkaline solution. The transmission electron microscopy (TEM) image depicted in Figure 1B shows that CoPi@CoCi is a relatively homogeneous hierarchical structure with a particle size of approximately 600 nm. The different composition between the core and shell can be distinguished by energy-dispersive X-ray spectroscopy (EDX) as shown in Figure S1 in the Supporting Information. Element mapping images show that the core is cobalt phosphate spherical nanoparticles, and the shell is thin nanoplates of cobalt carbonate ( Figure S1C ). It indicates that carbonate and phosphate can coprecipitate in the hierarchical hollow structure as shown in Figure 1C . Element mapping images ( Figure 1D ) indicate that this hollow shell CoCat contains both phosphate and carbonate (hollow-Co 3 (PO 4 ) 2 &CoCO 3 , abbreviated as h-CoPiCi). A large number of small particles on the plates are Au NPs with a size of about 5 nm. Au NPs are tightly connected to the nanosheets, which can facilitate electron transfer during electrocatalysis. 38 Some variances of Au/h-CoPiCi can be observed in Figure 1E , as testing by electrochemical scan in alkaline electrolyte (1 M KOH) shows that the size of the nanosheets becomes smaller. In order to characterize significant changes of Au/h-CoPiCi in alkaline solutions, some samples were reacted in 1 M KOH. After being stirred for 12 h, Au/h-CoPiCi would change into a stack of nanosheets with Au NPs. Based on powder X-ray diffraction (XRD) measurement as shown in Figure 2 , these nanosheets are CoOOH.
This surface migration of phosphate should be a process of first dissolving and then nucleating based on observations and research of our experiments. As shown in EDX (Figures S1 and 1D), the content of the C element is reduced, and the P element is aggregated for nanosheets of the hierarchical hollow structure. It means that the carbonate gradually dissolves in the solution, and the phosphate gradually migrates to the surface during the formation of the hierarchical hollow structure. We know that the solubility product of cobalt phosphate (K sp,Copi ) is much smaller than that of cobalt carbonate. Carbonate is more easily replaced by hydroxide in as-prepared Au NP solution. NaBH 4 solution can provide appropriate alkalinity to promote the formation of the hollow shell structure as shown in Figure 1A . The formation of the hollow shell structure should be caused by a Kirkendall-like effect. 39 Due to the influence of hydroxide ions, the cobalt ions migrate to the surface, which will drive the dissolution of the phosphate. However, K sp,Copi is relatively small, and the large amount of nanosheets on the surface can be used as a support so that the cobalt phosphate is renucleated on the nanosheets. XRD measurement ( Figure 2 ) shows that there are no obvious diffraction peaks, indicating this CoPi@CoCi is amorphous. Characteristic peaks at 1425 and 865 cm −1 , in the Fourier transform infrared (FT-IR) spectra ( Figure S4 ), could be attributed to the stretching modes of −CO 3 2− , and peaks at 1042 and 585 cm −1 could be attributed to the stretching modes of −PO 4 3− . These observations confirm the composition of CoPi@CoCi. The thermal gravity analysis (TGA) and differential scanning calorimetry (DSC) were also performed to analyze their composition and conversion as shown in Figure S5A . CoPi can be confirmed by the XRD patterns of annealed samples ( Figure S5C ,D). The loading of Au NPs (Table S1 ) can be adjusted by adding different contents of the as-prepared Au NP solution. The hollow structure cannot form with a small volume of as-prepared Au NP solution as shown in Figure S3 . This hollow structure has larger specific surface area up to 117.2 m 2 /g ( Figure S6 ). The loading of Au NPs will influence the light absorption and electrocatalytic activity. The light absorption of Au/h-CoPiCi is much stronger than that of CoPi@CoCi and Au NPs as shown in Figure S7A . Due to the supported Au NPs, the absorption spectrum of CoPi@CoCi is significantly enhanced over the entire visible region. However, there is no characteristic peak of Au NPs at 525 nm for the final spectrum of Au/h-CoPiCi. This suggests that there is strong interaction between Au NPs and h-CoPiCi, resulting in the disappearance of the Au NP absorption peak. In addition, there may be some hierarchical porosity composed of mesopores for this hierarchical hollow structure, which will enhance harvesting of the exciting light 40, 41 and facilitate fast mass transport for electrocatalysis. 42, 43 The light absorption of CoPi@CoCi and Au/h-CoPiCi changes in that after activation by electrochemical scan in alkaline electrolyte, they have been transformed into CoOOH and Au/CoOOH, respectively. As shown in Figure S7B , CoOOH and Au/CoOOH have similar absorption properties in that the absorption intensity decreases with increasing wavelength in the range of 400 to 800 nm. Furthermore, the absorption intensity of Au/CoOOH is stronger than that of CoOOH, which means the SPR effect of Au NPs can enhance the absorption of this material.
A three-electrode electrochemical cell was used for electrochemical OER measurement in 1 M KOH at 25°C. The test temperature was controlled by water bath to avoid the effects Figure S10A . Figure 3A shows the OER activity of CoOOH and Au/ CoOOH. Polarization curves show that the activity of Au/ CoOOH is significantly better than that of CoOOH, and the performance of Au/CoOOH is further improved by laser assistance. Taking the overpotential at the current of 10 mA cm −2 as the benchmark of heterogeneous electrocatalysts for the OER, 44 the overpotential of Au/CoOOH is only 320 mV, while that of CoOOH is 360 mV. Furthermore, the overpotential of Au/CoOOH can be significantly reduced by 525 nm laser assistance, and the onset overpotential (230 mV) is consistent with the commercial IrO 2 catalyst as shown in Figure S10B . The overpotential at the current of 10 mA cm −2 is only 290 mV when the output power is 1.2 W, which is smaller than that of IrO 2 (295 mV, Figure S10B ). Figure 3B shows the overpotential reduction with different Au content under laser assistance. It can be seen that the enhancement effect of the laser increases first and then decreases with the increase of the loading amount. The highest activity is achieved when the content of Au is 15%. However, optimal results need to consider the basis value of overpotential at the same time, so the optimal content of Au NPs is 7% ( Figure S11 ). Tafel slopes ( Figure 4C ) were calculated for different materials and conditions. The slope of CoOOH is 62.3 mV dec −1 , and the smaller slope of Au/CoOOH is 57.2 mV dec −1 without light irradiation. Under laser assistance, the Tafel slope of Au/ CoOOH drops to 56.8 mV dec −1 with a small decrease.
Although the change of the Tafel slope is not obvious, the overpotential at the same current is significantly reduced. The IPCE of Au/CoOOH at 1.2 W was also measured, and the maximum is 5% around 1.9 V ( Figure 3D ). Based on some reported mechanism of cobalt-based OER catalysts, 45, 46 CoCat has a process of transition from a lower valence state to a higher valence state for water oxidation. Co(II) will first be transformed into Co(III) and then converted into Co(IV). The real active ion is tetravalent cobalt. High-valence cobalt(III) oxyhydroxide is easier to convert to Co(IV) in the electrocatalytic process that may lead to high OER performance. The difference between Co(OH) 2 and CoOOH is shown in Figure S10B and illustrates the highvalence cobalt ion might be conducive to OER electrocatlysis. The improved catalytic performance of Au/CoOOH is also related to increase of conductivity. The interface impedance, reduced by supported Au NPs, can be confirmed by electrochemical impedance measurement ( Figure 4A ). The reduction of the interface impedance improves the electron transfer rate during the OER process. The impedance can be further decreased by laser assistance owing to the SPR effect of Au NPs. The SPR effect can promote photogenerated charge excitation. The number of active sites (Γ 0 ) and the TOF of every active site were characterized to understand the auxiliary effect of Au NPs and light on the OER activity. Γ 0 could be extracted from the slope ( Figure 4B ) of the linear relationship between the peak current of the Co 3+ /Co 2+ reduction wave and the scan rate using electrochemical methods ( Figure  S12 ). 5, 47, 48 The calculated Γ 0 of CoOOH from the slope was only 22 nmol cm −2 , and its TOF is only 1.26 s −1 at an ACS Applied Energy Materials www.acsaem.org Article overpotential of 360 mV. Without laser assistance, the Γ 0 of Au/CoOOH increased to 44.8 nmol cm −2 , indicating this hollow structure had more active sites per unit area, which was related to its higher specific surface area. The TOF also had a certain improvement up to 1.66 s −1 . According to the electrochemical impedance plots ( Figure 4A ), loading of Au NPs reduces the interface resistance, increases the electron transfer rate, and further increases the catalytic reaction rate. Under laser irradiation, Γ 0 increased to 57 nmol cm −2 , and the TOF increased up to 3.75 s −1 . This indicates that the active site of CoOOH does not increase significantly, but Au NPs can provide additional active sites under light. Moreover, the photoelectric effect significantly increased the conversion rate at each active site, which suggested additional electrons were produced. Both indicated that the active sites were controlled by the electrochemistry and also the light. The electrocatalytic activity had been greatly enhanced with the above two effects. The electrocatalytic stability of the material was measured for a period of 70 days at 1.6 V ( Figure S13 ). The activity would increase for the first 20 days and then slowly decrease. Finally, the activity at 70th day was the same as at the beginning. The fluctuation of the curve after 20 days came from the restart of test system. At the end of chronoamperometric measurement, the effect of light enhancement was proven to still exist by light on and off experiment. Studies had shown that the effect of light was related to the light absorption properties of Au/CoOOH as shown in Figure  S14 . The overpotential reduction at 10 mA cm −2 for lasers with different wavelengths was compared. The light enhancement of different monochromatic light was consistent with the light absorption spectrum of Au/CoOOH. The SPR effect of Au NPs contributed to the absorption of light ( Figure S7 ), so it could improve the OER activity by the utilization of light. It should be mentioned that the number of photons for different wavelengths must be considered in the calculation, and the photon number was normalized with a 525 nm laser. It could be found that light enhancement existed in the entire visible light and increased with decreasing wavelength. According to the calculation formula of IPCE
IPCE was not only associated with wavelengths but also with potential, as shown in Figure 4C ,D. Before the onset potential of OER, there was no obvious enhancement with laser assistance. Figure 4D shows a more obvious result that there was only a small increase of current at 1.5 V, and that will be larger at 1.6 and 1.7 V. However, this increase was also limited with the increase of potential. According to the photoelectric effect, the limiting current is related to the number of photons. Under a certain light intensity, the number of photons is constant, so there is a maximum limit for the current enhancement. In addition, with increasing potential, there were a large number of oxygen bubbles in the aqueous solution, which would prevent the photons from reaching the electrode surface. Therefore, the IPCE had a maximum of 5% at 1.9 V ( Figure 3D ), and the light intensity could not be a certain value if the voltage continued to increase with more oxygen bubbles released. The upper formula for IPCE is no longer applicable so that the value of IPCE is reduced in the graph. In addition, with the increase of output power, the current increased linearly as shown in Figure S15 . This photoelectric conversion effect with linear dependence illustrated that the SPR effect of Au NPs was most likely to generate hot electrons. 32, 49 It is reported that the SPR effect could also induce a photothermal effect. 50 However, the specific heat capacity of water is large, and the heat transfer performance of water was also relatively rapid. The heat of the catalyst surface was difficult to be localized so that it was difficult for the photothermal effect to affect the catalytic performance in this system.
■ CONCLUSION
In summary, we synthesized a hierarchical hollow shell of cobalt-based oxyhydroxide supported Au NPs. Au/CoOOH was then studied for the electrocatalytic performance of the OER in alkaline solution. The experimental results showed that this hollow structure exhibited excellent OER activity and stability in the alkali solution. Au NPs and their SPR effect could promote charge transfer and excitation by reducing surface interface impedance and generation of hot electrons. OER performance could be enhanced by laser assistance, and the enhancement effect was related to the light absorption spectrum of the material. The SPR effect of Au NPs could improve light absorption intensity, which further increases the photoassisted effect. This photoassisted enhanced electrochemical process can not only extend the utilization of light but also be used for many other electrocatalytic processes.
■ EXPERIMENTAL SECTION Synthesis of Nanostructure CoPi@CoCi. CoPi@CoCi was synthesized according to the literature with modification. 51, 52 In a typical procedure, 0.1254 g of CoSO 4 · 7 H 2 O (0.4 mmol), 0.5 mL of H 3 PO 4 (50 mM), and 0.1442 g of sodium dodecylsulfonate (SDS, 0.5 mmol) were mixed with 50 mL of urea aqueous solution (1M) under stirring. After that, the solution was transferred into a 100 mL Teflonlined stainless steel autoclave and heated at 80°C for 180 min. After reaction, the product was collected by centrifugation at 5000 rpm for 10 min and washed with water and ethanol several times to remove the excess of the remaining reagents. Finally, the washed particles were dried at 60°C in the vacuum oven.
Synthesis of Au NPs. Au NPs were prepared according to the literature with modification. 32 A 40 μL aliquot of 0.5 M HAuCl 4 solution was added to 80 mL of ultrapure water (18.2 MΩ·cm resistivity at 25°C) under vigorous stirring. A 2.4 mL aliquot of icecold NaBH 4 solution (0.1 M) was quickly injected into the above solution under vigorous stirring. Next, the unreacted NaBH 4 was resolved, and the Au colloid solution was aged in the dark at least 12 h. The color of the solution changed from yellow to light brown. After several hours, the solution would become wine red. The solution was stored in the refrigerator at 4°C for further use.
Self-Assembly of Shell Nanostructure CoPiCi with Au NPs and Au-NP-Decorated Hierarchical Co-Based Catalyst. CoPi@ CoCi (10 mg) was added to 10 mL of ethanol under ultrasonication to form a uniformly disperse solution. Then, 12 mL of as-prepared Au NP solution was slowly added to above solution under stirring. The mixed solution was stirred for 3.5 h at room temperature. The product (denoted as Au/h-CoPiCi) was collected by centrifugation at 11 000 rpm for 10 min and washed with water several times to remove the excess of the remaining reagents. Finally, the sample was dispersed into 1 mL of water, and the content of cobalt was determined by absorption spectrophotometry. The electrode ink was prepared on the basis of cobalt content.
Different products with different Au NPs was prepared by mixing with different contents of as-prepared Au NP solution (1, 3, 6, 20, 40 , and 80 mL). The Au content was measured by inductively coupled plasma-atomic emission spectrometry.
Alkali Treatment of Sample. Before electrochemical testing, the electrode with catalyst was treated by cyclic voltammetry (CV) in a 1 M KOH solution at a scan rate of 50 mV/s. The test was swept from 0 ACS Applied Energy Materials www.acsaem.org Article to 0.7 V (vs. Hg/HgO) for 50 cycles. A stable signal could be obtained, which meant the alkali treatment was over.
For the powder XRD test of the samples, 0.1 g of sample was added to 30 mL of KOH (1 M) solution under ultrasonication to form a uniformly disperse solution. After stirring for 12 h, the product was collected by centrifugation at 9000 rpm for 3 min and washed with water several times to remove the excess of the remaining reagents. Finally, the washed sample was dried at 60°C in the vacuum oven.
Measurement of Cobalt Content. The content of cobalt was measured by the nitroso-R-salt spectrophotometric method according to the literature 53 with modification. The standard curve was measured as follows: 0.2500 g of cobalt sulfate heptahydrate (99.999%) was dissolved in 10.0 mL of water with 5.0 mL of concentrated nitric acid. This solution was transferred to a 250 mL volumetric flask and brought to volume by ultrapure water. A 5.0 mL aliquot of the upper solution was pipetted into a 100 mL volumetric flask, 5.0 mL of concentrated hydrochloric acid was added, and the solution was brought to volume by ultrapure water. Then, a certain amount of solution (0 to 4.00 mL), mixed with 5.0 mL of water and 2.50 mL of nitroso-R-salt (5.00 g/L), was boiled for 2 min. A 2.60 mL aliquot of concentrated nitric acid was added again, and the mixed solution was boiled for 1 min. The solution was transferred to a 25 mL colorimetric cylinder and brought to volume by ultrapure water.
To determine the samples' content of cobalt, a similar process was followed based on the standard curve. 
